We have conducted a survey of proline-rich (PxxP) motifs in the proteomes of human, mouse, yeast, Mycobacterium tuberculosis and Plasmodium falciparum. Our analyses reveal a strikingly high occurrence of these motifs in each organism, suggesting a wide dependence on protein± protein interaction networks in cellular systems. All proteomes considered have an abundance of PxxP motifs which can potentially participate in binding to SH3 domain-containing proteins. A large fraction of these motifs can be assigned to structurally conserved types of class I and class II sequences. We propose that while maintaining the primary biochemical function, many proteins are likely to participate in additional interactions involving molecular cross-talk with other proteins using proline-rich and other motifs. We have also identi®ed PxxP-containing motifs that are unique to P.falciparum and M.tuberculosis. These sequences may serve as leads for the development of peptidomimics that speci®cally target these organisms. We propose a novel drug target selection strategy where shared PxxP-containing motifs can be used to direct the development of inhibitors that focus on multiple targets in the cell. Screening for such unique PxxP-containing motifs in the P.falciparum proteome yielded highly conserved sequences in the variant surface antigen family that can be used to initiate design of peptidomimics that may potentially abrogate parasite cytoadherence during malaria infections.
Introduction
The assignment of biological function to new proteins remains a formidable problem. Integration of proteins into biochemical and signaling pathways is an essential requisite for understanding each protein. The physiological relevance of each protein can be highlighted in view of its interactions with numerous other proteins that co-exist in the cellular milieu. Although we now have genomic information on a variety of organisms, our understanding of the biological function(s) of most new proteins remains limited. This point is best illustrated by analysis of the Plasmodium falciparum proteome wherẽ 65% of the proteins are of unknown function. Rapid protein sequence divergence often makes sequence comparisons dif®cult, leading to a failure in detecting evolutionary conservation of function (Florens et al., 2002) . Further, genomic and structural information may be insuf®cient in assigning all the biochemical attributes to a protein, given that multiple cellular functions may be associated with the same protein fold.
Protein±protein interactions underpin most molecular crosstalk in cells and these interactions can occur over short regions, often <10 amino acids in length (Cohen et al., 1995; Kay et al., 2000; Mayer, 2001) . Aside from a primary biochemical role, many proteins have additional functional attributes that are utilized in networking with cellular proteins. To de®ne the numerous protein±protein interactions within a cell, researchers still rely on laborious laboratory techniques such as yeast 2-hybrid systems, c-DNA expression library screening and coimmunoprecipitation (Cohen et al., 1995; Sudol, 1998; Kay et al., 2000; Mayer, 2001) . Interactions mediated by modules such as the Src homology (SH) 2 and 3 domains, WW domains, post-synaptic density/disc-large/ ZOI (PDZ) domains and Eps 15 homology domains (EH domains) display a typical mode of interaction by recognizing a linear region of 3±9 amino acids (Sudol, 1998; Kay et al., 2000; Mayer, 2001) . The amino acid proline attains paramount importance in many protein±protein interactions (Sudol, 1998; Kay et al., 2000; Mayer, 2001) . SH3 modules along with several other domains prefer ligand sequences that are proline-rich. SH3 domains are~60 residue modules which often occur in signaling and cytoskeletal proteins (Dalgarno et al., 1997; Sudol, 1998; Kay et al., 2000) . These structurally conserved domains are ubiquitous in biological systems, including in a bacterium such as the Mycobacterium (Ponting et al., 1999; Feese et al., 2001) . Binding of SH3 domains to simple peptides folded in to proline-rich II (PPII) helix is likely to govern the formation of a large number of protein complexes (Tong et al., 2002) . Most proteins known to interact with SH3 domains contain at least one copy of the motif PxxP. SH3 domains bind to sequences that adopt a left-handed PPII helical structure in which the two invariant proline residues are found on the same face of the peptide and participate in hydrophobic interactions (Feng et al., 1994; Lim et al., 1994) . Recent data suggest that SH3 domains can also interact with non-PXXP motifs (Kang et al., 2000; Kami et al., 2002) , although the binding sites for non-PxxPcontaining peptides and for the classical PxxP motifs do not overlap (Kami et al., 2002) .
Analysis of phage display libraries have demonstrated that individual SH3 domains have distinct speci®cities for potential ligands and can discern subtle differences in the ligand primary structure (Sparks et al., 1996) . Much of this speci®city comes from amino acids¯anking the core PxxP motif (Sparks et al., 1996) . The role of PxxP-mediated protein±protein interactions in a multitude of cellular processes is therefore central. We reasoned that dissecting the proteomes for the presence of PxxP sequences would open new vistas in understanding sets of protein±protein interactions and signaling pathways. We therefore performed extensive in silico sieving of the complete proteomes of two pathogenic organisms, P.falciparum and Mycobacterium tuberculosis, along with the proteomes of Schizosaccharomyces pombe, Mus musculus and Homo sapiens for the prevalence of PxxP motifs. We de®ned a set of PxxP motifs that have been experimentally veri®ed to bind to SH3 domains (Cesareni et al., 2002; Tong et al., 2002) and screened these ®ve proteomes. We used two strategies to identify putative SH3 ligands in these proteomes: (a) screening with a consensus motif and (b) screening with`speci®c' motifs. Our results indicate an abundance of class I and class II PxxP motifs in the proteomes of two major pathogenic organisms and three higher eukaryotic organisms. Our analyses have also identi®ed shared motifs in the proteomes of M.tuberculosis and P.falciparum which can potentially be used for the development of peptidomimics against both these organisms. We propose a novel strategy of drug target selection where multiple proteins in the cell can be simultaneously inhibited using peptidomimics that target common PxxP motifs. In line with this strategy, we have identi®ed several motifs that are highly conserved in the cytoplasmic (the erythrocyte cytoplasm) domains of P.falciparum variant surface antigens (also called P.falciparum erythrocyte membrane proteins or PfEMPs). These PxxP motifs are absent from the human proteome. The PfEMP1 family proteins undergo antigenic variation in P.falciparum and are crucially responsible for the cytoadherence associated mortality in P.falciparum malaria (Smith et al., 1995; Su et al., 1995) . The development of peptidomimics that may disrupt the normal functioning of PfEMPs can provide a new focus for the development of anti-malarials that target cytoadherence of P.falciparum.
Methods
The proteomes should harbor a speci®c number of PxxP motifs depending on the average size of the protein and the size of the proteome. To address this issue, we used the simple probability concept. We calculated the probability of the occurrence of a particular motif in any random sequence by the multiplication rule of probability. For example, the probability of occurrence of the motif PxxPxR is P = (1/Pro)Q1Q1Q(1/Pro)Q(1/Arg) taking into account the expected frequency for each amino acid (represented by Pro, Arg in this case). This calculation is based on the ATGC content of each genome studied and on codon degeneracy. Further, the number of occurrences of PxxPxR in any protein of average size n (amino acids) is A = nP. To ®nd the expected number of these motifs in the entire proteome, the above value (A) is multiplied by the total number of proteins in the proteome. Occurrences of each motif in the ®ve proteomes were determined and expected distributions were computed. This allowed us to calculate the difference between observed and expected values. We also calculated chi-square values for the occurrence of each motif and observed signi®cant deviations between observed and expected frequencies. The observed and expected frequencies along logarithmic values of respective motif probabilities are represented graphically in . These analyses resulted in PxxP motifs that were either under-or over-represented, suggesting a non-random distribution. Statistical under-or over-representation indicates that the motif is likely to be of functional signi®cance. Since the probability values are very low and therefore dif®cult to represent graphically, their logarithmic values are presented (logarithm to base 10). Chi-square values were calculated for goodness of ®t between observed and expected numbers using the formula (O ± E) 2 /E, where O is observed number and E is expected number. The chi-square values were calculated with 99% con®dence interval.
Simple Unix and PERL scripts were used to automate the motif searches using data from public access genomic and proteomic databases. The extent of solvent exposure of PxxP motifs in three-dimensional protein structures was assessed by using both PROCHECK and MODELLER programs (Sali et al., 1995; Laskowski et al., 1996) .
Results

An abundance of PxxP motifs in various proteomes
We identi®ed all proteins with at least one occurrence of the PxxP motif in the proteomes of human, mouse, S.pombe, M.tuberculosis and P.falciparum. The resulting motifs were delineated into classes and subclasses keeping in view published nomenclatures (Rickles et al., 1995; Sudol, 1998; Cesareni et al., 2002; Tong et al., 2002) . A large fraction of the diversity observed in SH3 domains is represented in the SH3 repertoire of Saccharomyces cerevisiae (Cesareni et al., 2002; Tong et al., 2002) . Therefore, we selected the SH3 domain containing proteins of S.cerevisiae and their PxxP motif recognition speci®cities as a guide to analyze the ®ve proteomes considered. We followed the PxxP motif nomenclature published recently (Cesareni et al., 2002) and classi®ed the PxxP sequences into three major classes: 1K, 2K and 1@. All other atypical PxxP motifs are grouped under Class X. The various subclasses have been de®ned based on highly probable consensus motifs which have also been experimentally veri®ed for binding to different SH3 domains (Kay et al., 2000; Mayer, 2001; Cesareni et al., 2002; Tong et al., 2002) . We used the consensus sequences for various classes and subclasses as queries and ®ltered out the hits for each proteome. Using this motif-based proteome scanning approach, we identi®ed all PxxP motifs in the annotated and predicted proteins (Figure 2a ). The number of PXXP motifs in each proteome was plotted as a percentage of total number of proteins (Figure 2a) . The P.falciparum proteome revealed the lowest fraction of PxxP motifs amongst the proteomes (~25.9%). The M.tuberculosis proteome revealed a relatively high fraction of proteins contained the PxxP motif (~58.4%). Surprisingly, the S.pombe proteome contained the maximum fraction of proteins with PxxP motifs (~70.2%). Amongst the mammalian species, both human and mouse proteomes had a comparable fraction of PxxP motifs (~65.2 and~61.8%, respectively). These data reveal the abundance of PXXP motifs in proteins from evolutionary distant species.
The AT-rich genome of P.falciparum is constrained in harboring prolines as only two of the 12 nucleotides that encode proline are either A or T (the rest are G or C). Based on the P.falciparum genome ATGC content, we expect 1% occurrence of prolines (observed occurrence 1.9%), whereas in the GC-rich genome of M.tuberculosis the expected occurrence of prolines is 12%.
Omnipresence of PxxP-containing proteins
We next classi®ed the PxxP-containing proteins from each proteome into categories based on the likely cellular localization of each protein (Table II) and by gene ontology (Table III) . The data indicate that PxxP motifs are prevalent in cytoplasmic, nuclear and surface proteins. We found an abundance of PxxP motifs in various gene ontology groups of proteins including enzymes, cytoskeletal proteins, nucleic acid-binding proteins, transport proteins, splicing factors, metal-binding proteins and ribosomal proteins (Table III) . This wide occurrence across diverse functional classes in the ®ve proteomes indicates evolutionary conservation of protein±protein networks centered on PxxP sequences. The prevalence of PxxP a Crystal structure of an iron-dependent regulator protein in MtB revealed an SH3 fold within its overall structure (Feese et al., 2001). motifs in biological systems is consistent with the ubiquitous nature of SH3 domains and together the SH3-PxxP interactions are central in a diverse array of cellular communication processes (Sudol, 1998; Kay et al., 2000; Mayer, 2001 ).
Functional signi®cance of PxxP classes and subclasses
The number of major classes of PxxP motifs in each organism was plotted as a percentage of total number of PxxP motifs in that respective organism ( Figure 2b and Table IV) . Analysis of these data reveals that the majority of the motifs can be classi®ed either as a Class I (1K) or a Class II (2K) motif (Mayer, 2001; Cesareni et al., 2002) . The Class I PxxP motifs are de®ned as sequences that ®t the amino acid stretch +xxPxxP (where + is a basic residue and x is any amino acid). Class II PxxP motifs are sequences which match PxxPx+ and 1@ represents sequences that ®t the motif Px@xxPxxP (where @ is an aromatic). All ®ve organisms displayed essentially equivalent distributions of Class I and II motifs (Figure 2b) , which occur in a statistically relevant and non-random fashion (Figure 1a±e) . The mouse and human proteomes are more abundant in PxxP motifs than the proteomes of the prokaryote Mycobacterium or of the simpler eukaryotes P.falciparum and S.pombe. The relative abundance of 1@ motifs was comparatively less across all ®ve proteomes. Further, a substantial fraction of PxxP motifs in each proteome varied from the classical de®nition of Class I and II motifs. These sequences may represent motifs that have evolved to suit particular biological requirements by providing additional speci®city in their interactions with SH3 domains.
Subtle differences in binding af®nity and speci®city in PxxP±SH3 interactions have been attributed to residues outside of the PxxP motifs (Cesareni et al., 2002) . Several studies have Based on keyword search of the PxxP proteome database. Based on keyword search of the PxxP proteome database. +, Basic residues; #, aliphatic residues; @, aromatic residues.
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used phage display libraries to identify the speci®c ligand of different SH3 domains (Rickles et al., 1994 (Rickles et al., , 1995 Sparks et al., 1996) . The optimal ligand preference for each SH3 domain varies around the PxxP core (Table IV) . We reasoned that scanning the ®ve proteomes with greater stringency would yield information on the appropriate SH3 receptors. The subclass delineation was based on de®nition of PxxP-containing sequences (Cesareni et al., 2002) . Analysis of the data (Table IV) clearly indicates a preference for a subclass of motifs within each major PxxP class, suggesting reliance on protein±protein interactions based around some SH3 domaincontaining proteins. We also plotted the number of different 1K ligands in the ®ve proteomes considered as a percentage of the total number of proteins containing PxxP motifs (Figure 3a) . Table IV) . Distributions of (a) 1K subclasses, (b) 2K subclasses, (c) Grb2C-binding motifs within the 2K class and (d) 1@ subclasses in the ®ve proteomes.
Polyproline-based protein±protein interactions
Amongst the Class I motifs (Table IV) , the PxxP ligands with preference for SH3 domain-containing proteins Rvs167, Pex13, Hck and SHO1 are highly represented. This distribution is likely to be of biological signi®cance. The yeast Rvs167 protein plays critical roles in actin cytoskeleton organization and endocytosis (Breton et al., 2001) . It interacts with myosin and participates in vesicle traf®c and maintenance of cell integrity (Breton et al., 2001) . The yeast Pex13 encodes for an SH3 domain-containing peroxisomal membrane protein required for the import of proteins into peroxisomes (Winkler et al., 2002) . Hck is a prototypical member of the tyrosine kinase family and the yeast SHO1 protein is a membranebound osmosensor that is involved in stress activation (Winkler et al., 2002) . Together, these data suggest that a substantial number of proteins in each of the ®ve proteomes may use SH3± PxxP interactions to drive essential cellular processes of signal transduction, cytoskeleton organization, protein transport and osmoregulation. The distribution of Class II (2K) motifs and its subclasses are shown in Figure 3B and Table IV . The occurrences of PxxP motif speci®c for the SH3 domain-containing protein Ysc84 is very high compared with other motifs. Ysc84 is a yeast protein that is expressed abundantly during sporulation of the S.cereviseae, but its biological signi®cance has not yet been elucidated (Rocco et al., 1993) . Within Class II motifs, the subclass motif for interaction with the C-terminal domain of Grb2 has the highest occurrence (Figure 3c ). The frequencies for these motifs have been plotted separately. Grb2 is an adapter protein that interacts with multiple proteins and is an essential constituent of numerous signaling pathways (Tari and Lopez-Berestein, 2001 ). Grb2 interacts with RAS in the signaling pathway leading to DNA synthesis. It is also involved in translocating guanine nucleotide exchange factors (Tari and Lopez-Berestein, 2001 ). Therefore, interaction with Grb2 via the PxxP motifs is likely to be central in numerous signaling cascades.
The distribution of 1@ subclasses is shown in Figure 3d . The highest occurrences are observed for spectrin-binding motifs followed by those for myosin and the tyrosine kinase protein Abl. The tyrosine kinase Abl participates in several processes including in the apoptotic response of cells to DNA damage (Yoshida et al., 2002) and is speci®c for atypical PxxP motifs. The SH3 domain of spectrin is implicated in a variety of myosin-and spectrin-based cytoskeleton organization (Ziemnicka-Kotula et al., 1998; Geli et al., 2000) .
Conformations of both proline (backbone angle f » ±65°) and the¯anking residues are limited because of the bulk of the N-substituent in proline (MacArthur and Thornton, 1991) . Therefore, polyproline sequences tend to adopt the PPII helix conformation which is generally solvent exposed and amphipathic in globular proteins (Stapley and Creamer, 1999) . We evaluated 4531 entries (which contained PxxP motifs) from the protein structure database (PDB) and found that 1115 entries have PxxP motifs which are 50% solvent exposed, 370 entries have PxxP motifs which are 70% solvent exposed and 36 entries have PxxP motifs which are 90% solvent exposed (the programs MODELLER and PROCHECK were used to detect residue accessibility of PxxP motifs). These solvent-exposed PxxP motifs have the potential to interact with SH3 modules (some examples of accessible Class I and II motifs are shown in Figure 4 ). Indeed, our recent crystal structure analysis of Pfg27 from P.falciparum revealed a striking distribution of exposed PxxP motifs in the protein, which readily interact with SH3 modules .
Drug targets and development of peptidomimics
The development of peptidomimics that speci®cally inhibit interaction of PxxP motifs with their cognate receptors is feasible given the unique structure of the proline residue (Nguyen et al., 1998; Oneyama et al., 2002 Oneyama et al., , 2003 . Therefore, we surveyed the total number of PxxP motifs that are unique to either P.falciparum or M.tuberculosis (Table V) with the aim of identifying sequences that could serve as leads for the development of peptide-based inhibitors. Indeed, there are a large number of unique PxxP motifs in both of these organisms. With the aim of identifying lead sequences for the design of drugs against malaria and tuberculosis, we found PxxP motifs that are common to both P.falciparum and M.tuberculosis but are absent from human proteins. The following sequences are not present in humans but are common to M.tuberculosis and P.falciparum: PAPAAPSS (found in PPE family protein and PfEMP), IGPNCPGI (found in succinyl-CoA synthetases) and SSPNTPGL (found in dihydroorotate dehydrogenases). Experimental veri®cation of the biological necessity of these motifs may pave the way for their inclusion in drug development efforts against malaria and tuberculosis. We also catalogued the unique PxxP motifs found in the proteomes of P.falciparum and M.tuberculosis. Intriguingly, several motifs in both organisms occur in multiple proteins. This offers an opportunity to design peptidomimics that may target either families of proteins or different proteins simultaneously. Inhibition of the potential interaction of these motifs with cognate receptors may disrupt multiple protein±protein interactions and therefore subvert a wide array of signaling networks. The peptides LYIPIYPYMH, KKKPKSPVDL, KYGPKAPTSW, IYAPRAPKYK and IYVPGSPKYK are unique to the P.falciparum proteome. These sequences are present in the PfEMP family of antigens (Table VI) . PfEMPs are crucially responsible for the cytoadherence of P.falciparum and the resultant mortality in malaria (Smith et al., 1995; Su et al., 1995) . These unique PxxP sequences are present in the highly conserved cytoplasmic domains of PfEMPs. The latter interact with the host erythrocyte cytoskeletal proteins spectrin (which contains the SH3 module) and actin, thereby assisting anchorage of PfEMP in the erythrocyte skeleton (Oh et al., 2000) . It remains to be veri®ed experimentally whether these interactions are mediated by the conserved PxxP motifs that we have identi®ed. Disruption of PfEMP interactions with proteins of the host cytoskeleton in infected erythrocytes may offer a unique strategy to abrogate the cytoadherence associated with malignant malaria.
Discussion
The organization of each cell depends on complex networks that involve multitudes of protein±protein interactions. Signaling between proteins underpins essential cellular processes including metabolism, cell movement, differentiation, development, cytoskeletal arrangement and apoptosis. In many cases, this molecular cross-talk is organized around PxxP motifs and protein modules such as SH3 domains, which recognize them. Typically, SH3±PxxP complexes are formed as low-af®nity but high-speci®city interactions (Mayer, 2001) . Such weak interactions are ideally suited for transient signaling between proteins in the cellular milieu. Most proteins have additional ancillary functions aside from their primary biochemical activity. The relevance of newly discovered proteins in understanding human diseases such as malaria and tuberculosis will be clear once the biological attributes of most proteins have been highlighted.
Close to 65% of the P.falciparum proteome is unannotated and >3000 proteins remain hypothetical (Florens et al., 2002) . Here, we have used a simple PxxP motif search to predict putative protein±protein interactions in P.falciparum and other organisms. We had previously highlighted the interaction of P.falciparum gametocyte protein Pfg27 with different SH3 domains and discovered a striking structural display of PxxP motifs in the Pfg27 underbody . Our analyses suggest that the distribution of PxxP motifs in P.falciparum proteins is therefore likely to be of signi®cance in understanding parasite biology.
Protein±protein interaction networks have been studied in S.cerevisiae with respect to SH3 modules. Tong et al. showed that using a set of 18 SH3 modules in 2-hybrid analysis there are 233 interactions involving 145 PxxP-containing proteins (Tong et al., 2002) . Using the technique of phage display, they observed 394 SH3±PxxP interactions from 206 proteins. These data imply that a vast number of protein±protein interactions are mediated using the SH3±PxxP cross-talk.
Our comparative distribution analyses of PxxP motifs across various proteomes, which include the proteomes of infectious organisms such as M.tuberculosis and P.falciparum, can underpin ongoing efforts to dissect and delineate the plethora of signaling pathways in these organisms. It also provides a basis for further biological characterization of PxxP motifs that can be utilized for the design of peptidomimics. Speci®c sequence motifs offer a platform for the design of peptido- mimics that speci®cally target`multiple' pathways in cells. This novel strategy may provide a new focus for the development of anti-tuberculosis and anti-malarial agents.
